This paper presents an analysis of a 4th order LCLC resonant converter with a capacitive output filter using the state-space approach. The analysis of the converter shows that there are four intervals in a half period. In each interval, the state-space equations are obtained. Due to the soft switching of the converter, an exact equation for the Zero Voltage Switching (ZVS) time and the maximum dead time of the inverter switches are presented. The simulation and experimental results obtained from a 10kv, 370w prototype confirm the validity of the theoretical analysis.
NOMENCLATURE

C p
Parallel resonant capacitance (F) These days, soft switching resonant converters are widely used in applications where high efficiency, high power density, and reduced EMI are of great importance [1] - [12] . There are many resonant topologies introduced in the literature [3] . Resonant converters with three or more resonant components present better performance and better dynamic response. In addition, by using a higher order resonant circuit, it is possible to absorb all of the parasitic components of a converter, especially at very high switching frequencies [3] , [12] . The LCLC resonant inverter is a forth order resonant topology which has been successfully used in different industrial applications such as space power distribution systems, resonant inverters, Ion generator power supplies, multi lamp operation ballasts, renewable energy power conditioning systems, constant-current power supplies and dual-output resonant converters [13] - [19] . This topology employs more parasitic elements and has many desirable characteristics. Therefore, it seems to be a good candidate for high voltage conversion [20] - [25] . The converter of this topology uses an inductive output filter similar to a Parallel Resonant Converter (PRC) [1] , [2] . In [12] , [26] LCLC resonant converters with an LC output filter are analyzed using the First Harmonic Approximation technique (FHA). In high voltage applications, a resonant converter with a capacitive output filter is used, because the inductor in an output filter is bulky and very difficult to fabricate [20] - [25] . Fig. 1 shows a schematic of an LCLC resonant converter with a capacitive output filter. The absence of an inductor at the output filter causes the input voltage of the transformer to be clamped at the output voltage level that is divided in the transformer turns ratio, n while the power is transferred from the resonant circuit to the output which results in a phase shift between the transformer voltage and current [6] - [8] . Once the output rectifier current reaches zero, the output rectifier diodes turn off and the energy is fed into the resonant circuit. Consequently, in the FHA technique, the equivalent resistor cannot describe the behavior of the load side of the converter. Analysis of this converter is very complex, because there are different intervals of operation. The purpose of this paper is to analyze the different modes of this converter by the state-space approach. Due to the advantages of operation above resonance (lagging mode) [1] , an exact equation is obtained for the time required to operate in this mode.
In section II, by using the state-space approach, the operating modes and a circuit description of an LCLC resonant converter with a capacitive output filter is presented. In section III, the state-space equations is solved by using the initial II. OPERATING MODES AND CIRCUIT DESCRIPTION Studying the converter shows that there are eight modes in one switching period. Due to the similarities between the waveforms and the equivalent circuit in the second half of a switching period, the equivalent circuit of the converter is analyzed for half a period. The main theoretical waveforms of the converter and the equivalent circuit for each interval are shown in Fig. 2 and Fig. 3 , respectively. Also, the status of the converter switches and diodes is presented in Table I . The following assumption is used in the analysis of this converter:
All the switches, diodes and other passive components in Fig. 1 are ideal.
The output filter capacitor is large enough to assume that the output voltage is constant..
In all of the equations, all the variables are transferred to the primary side of the transformer.
Interval 1[t0-t1]: This interval starts by turning off S2 and S4. Therefore the body diode of S1 and S3 is forced to conduct and the input voltage is placed across the resonant circuit. By choosing state-space variables for the capacitor voltage and the inductor current that are mentioned in (1), the state-space representation of the converter is given by:
At the end of this interval, the parallel capacitor voltage reaches to Vo. Interval 2[t1-t2]: In this interval, the value of the parallel capacitor voltage is V o and the output rectifier diodes is on. The clamping of the parallel capacitor voltage causes a decrease in the order of the state-space equations, thus the parallel inductance current increases linearly and the difference between the series and parallel inductance current is transferred to the output of the converter via a high voltage transformer.
The order of the state-space equations for this interval is two and as follows: 
It is necessary to mention that the end of this interval is the last time for the ZVS condition. As a result, S1 and S3 must be turned on via gate signals.
Interval 3[t2-t3]: In this interval the sign of the series inductance current is positive and crosses through the transistor of S1 and S3. The power is already transferred to the output and in this mode the state-space equations is:
The end of this interval occurs when the input current of the transformer reaches to zero and the output rectifier is turned off. Interval 4[t3-t4]: In this interval, the output rectifier is off and the parallel capacitor starts to discharge. As in the first interval, the order of the state-space equations is four and is given in (5).
The end point of this interval is when S1 and S3 are turned off.
III. SOLVING STATE-SPACE EQUATIONS
The steady state analysis of the converter is obtained by using the state-space equations that are obtained for the four intervals and by matching the initial condition of each interval with the end values of the previous interval. It is necessary to bear in mind that the values of the state variables at the end of the fourth interval are equal to the initial conditions of the first interval but with the opposite sign. In interval 1, the order of the resonant circuit is four and therefore there are four times the constant in this interval and the state variables change exponentially. Using the initial condition for this interval that is mentioned in (6), the answer of the series inductance current is given as follows:
i L s (t) = C 1 e −0.5αt +C 2 e 0.5αt +C 3 e −0.5βt +C 4 e 0.5βt (7) where the values of α and β are given in (8) and (9), respectively (on the bottom of this page).
The answer of the other state variables are similar to (7) but with different constant coefficients. The terms of V i and V o can exist in v Cs and v Cp . By using the initial conditions and placing them in the answers of the state variables, the coefficient constants are obtained as a function of the initial conditions and the converter parameters.
As previously mentioned, in interval 2 the order of the resonant circuit is two because of the parallel capacitor voltage clamping and the answers of the state variables are:
where
The parallel capacitor voltage is Vo and the parallel inductor current increases linearity.
For operating the converter under the ZVS condition, before the end point of this interval, the transistor of the switches S1 and S3 must be turned on via gate signals. Therefore this point must be calculated (t2) and the dead time is selected so that the ZVS operation is obtained.
The third interval is similar to the second interval and the only difference is the sign of i Ls .
Z0 and ω0 are given in (12) and the answer of the parallel inductor current is similar to (13) .
The equivalent circuit in interval 4 and the answer of the state variables are similar to interval 1. At the end of this interval the total time of the analysis and the values of the state variables are:
By using the answer of the state variables in different intervals and assuming (16) and (17), all of the coefficients and duration of each interval are obtained.
One of the most important times is t2, which defines the ZVS operation of the converter. If soft switching of the converter is desirable, this time must be positive in the steady state operation and the dead must not be longer than this time. By using the state-space operation and with the assumption that the values of α and β are negative, the state variables terms can be change to sinusoidal and cosinusoidal term and then t2 can be calculated by (18) (in Appendix). For studying the ZVS condition and soft switching of the converter, t2 is plotted for specified parameters and presented in TABLE II and with a different load resistance. The result is shown in Fig. 4 and it specifies that for the full load condition, the ZVS time is about 710nsec and therefore the dead time between switches must be less than this time. It is necessary to mentioned that in the resonant converter the dead time cannot be determined by considering the switches specifications, because the resonant circuit current must discharge the intrinsic parallel capacitor of the switch before the transistor of the switch can be turned on [27] .
IV. PERFORMANCE ANALYSIS, SIMULATION AND EXPERIMENTAL RESULTS
The performance of the LCLC resonant converter is analyzed through computer simulations and experimental results. The simulations are carried out in Orcad and the result for the full-load condition is illustrated in Fig.5 and TABLE III, respectively.
The resonant circuit state variables in each part of Fig. 5 are the same as the theoretical waveforms shown in Fig. 2 . According to Fig. 5(a) , the ZVS time in the Orcad simulation and one obtained from the analyzed equation are very close.
A 10kV, 370W prototype converter based on the parameters mentioned in TABLE II is realized to verify the accuracy of the theoretical analysis and the performance of LCLC resonant converter. The whole parts of the realized resonant converter are shown in Fig. 6 . In this converter, the line voltage is rectified through a diode bridge rectifier and there is a capacitive filter to get the DC voltage. Because of the ripple of the rectified voltage, the filter capacitance value is selected such as the maximum ripple at full load is equal to 10 V . As a result, the input voltage of the converter is 150 V DC . A full-bridge inverter based on MOSFETs is used to produce the high frequency square wave voltage. A FA57SA50LC and a pulse transformer are used as the full-bridge switches and the gate driver of the switches, respectively.
The series capacitor, Cs and an inductor, which is added in series with the transformer to absorb the leakage inductance to create the series resonant inductor, are the only discrete components since the other resonant components are integrated into the high frequency transformer [5] . Fig. 7 shows the experimental results of the LCLC resonant converter.
According to this figure, the ZVS time is equal to 800nsec and the full-bridge switches are turned on under zero voltage and the ZVS time value is very close to that predicted by the time domain analysis and the Oracd simulation of the converter. The matching problems that occur between the analytical, the simulation and the experimental results exist for the following reasons: 1) In the state-space analysis of the resonant converter, the power loss of the elements has not been considered. 2) The output capacitance of the MOSFET has been withdrawn in the analytical model, but in the simulation and the experimental prototype, the MOSFET output capacitance affects the behavior of the resonant converter. 
V. CONCLUSION
In this paper, a new analysis is proposed by using the statespace approach which is able to precisely predict the behavior of a LCLC resonant converter with a capacitive output. Due to the specification of operation above the resonant frequency, an exact equation was obtained for the ZVS time. The accuracy of the state-space analysis is examined through a simulation and an experimental prototype. 
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